High pressure pneumatic forming is a forming technology at elevated temperature, whose ultimate goal is to form a tube blank of usually uniform cross-section into a die cavity of complex shape with variable cross-sections by applying internal pressure and axial feeding. In this paper, the mechanical property and formability of Ti-3Al-2.5V were evaluated by tube bulging tests at 800 °C. The limit expansion ratios of Ti-alloy tube were 56.1%, 43.3% and 34.2% with constant internal pressure of 7.5, 12 and 14M Pa, respectively. The outline of the bulging zone was considered as a parabolic model. The relationship between thickness at the highest position and bulging height was considered as a linear model. The Fields-Backofen constitutive model was used to describe the flow stress of Ti-3Al-2.5V under biaxial stress states.
Introduction
Application for complex shaped components of titanium alloy at aerospace field, such as blade of engine, airinlet system, hydraulic control system, is increasing (Barnes, 2007) . Currently, superplastic forming is widely used to manufacture complex parts because of its advantage of one-step forming process. However, the disadvantages of low efficiency and energy-intensive cannot meet the demands of new generation. Thus, a new forming technology with low energy consumption and high efficiency is urgent to be developed.
For tubes, High Pressure Pneumatic Forming (HPPF) with high strain rate is a good choice, which can form variable cross-section complicated parts (Liu, 2013) . Similarly to hydroforming, the blank tubes are bulged into the die cavity with high pressure internal gas at elevated temperature. At the first stage, moulds are heated to the forming temperature. Then transfer the blank tube into the hot mould, and clamp the mould and punches to realize sealing. At the forming stage, by applying internal pressure and axial feeding, complicated tubular components with variable cross-sections are formed.
For security purpose, it is essential to evaluate HPPF for its industrial application and predict the results by FE simulation. Tubular material properties are generally obtained from tensile tests conducted on specimens cut from tube. However, according to the research of hydroforming, the tensile test data used in FE simulations is questionable due to the facts that, (1) different stress states, (2) friction conditions, (3) sampling error (Koc, 2001) . Tube bulging test is a testing method which is able to overcome the aforementioned problems, since it provides a better approximation of the stress state encountered during a real THF process. Fuchizawa (1993) , Bortot (2008) and Boudeau (2012) deduced and improved the theory of tube free bulging test at room temperature. However, there are few studies working on bulging test at elevated temperature. At elevated temperature, the flow stress of materials is mostly influenced by hardening and softening behavior which is majorly dependent upon strain, strain rate and temperature. And the coefficients of hardening and softening change every moment. Particularly, the strain rate of materials is non-constant in HPPF. Therefore, it is great significance to test the stress-strain curve by bulging test at elevated temperature which can reproduce the process of HPPF with the appropriate experimental conditions.
In this paper, the bulged tests of Ti-3Al-2.5V tubes were conducted. The experimental stress-strain curves were calculated following test data and geometrical models. The Fields-Backofen constitutive model was used to describe the flow stress of Ti-3Al-2.5V under biaxial stress states at 800 °C. The ultimate goal of this paper is to establish a testing method of materials at elevated temperature which can be used to evaluate the formability of the whole tube in HPPF.
Nomenclature t 0
initial thickness of the tube t current thickness of the tube at the highest position r 0 initial outer radius of the tube r current outer radius of the tube along hoop direction at the highest position r current outer radius of the tube along longitudinal directionat the highest position p internal gas pressure h bulge height of the outer of the tube 2L length of bulge zone
Experimental procedure
The as-received material used in this study was Ti-3Al-2.5V titanium alloy tube with length of 200mm, outer diameter of 40mm and nominal thickness of 2mm. The tubes were cold rolled at room temperature and annealed heat treatment at 670°C. In bulging tests, the length of bulging zone was 80mm, twice times the length of outer tube diameter. All of the tests were carried out in the platform developed by engineering research center of hydroforming in Harbin Institute of Technology (ERCH/HIT). Fig. 1 shows the experimental conditions. In Fig.  1(a) , the punches precisely controlled by the hydraulic servo system to ensure sealing of tubes. There are three through-holes on the mould, which were used to measure the temperature and bulging height of tube every moment. The bulging test was conducted at 800°C. As shown in Fig. 1(b) , internal pressure of tube was 7.5, 12 and 14 MPa, respectively. The strain rate range in 0.001 -0.1 s -1 , suited to HPPF. During the whole test, keep the temperature of bulging area and internal pressure constant. Fig. 2(a) . The higher the internal pressure, the larger the crack. Fig. 2(b) shows the bulging height curve. The bulging heights of tubes are 11.21, 8.65 and 6.83 mm under constant internal pressure of 7.5, 12 and 14 MPa, respectively. The expansion ratios of tubes are 56.1%, 43.3% and 34.2%, respectively. The bulging height increased exponentially because the thickness at highest position decreasing and the outer diameter increasing. 
Results and discussion
The formability of tubular material during HPPF at elevated temperature can be investigated by tube bulging test. The real-time stress and strain were calculated by geometrical model, and the stress-strain curve can be got. The analysis process is summarized as follows: (1) Establish the equilibrium differential equation at the highest position, and deduce the formula of equivalent stress and equivalent strain; (2) Fit the curve for outer contour of bulged tube, and solve the radius of curvature; (3) Set up a model to express the current thickness at highest position; (4). Fit the stress-strain curve by Fields-Backofen constitutive model.
Analytical model
In the analysis procedure, the assumptions, (1) the bulged zone is considered to be symmetrical, (2) the materials in sealing zone is not pulled into bulging zone, have to be made. And the membrane shell theory was used during the analysis procedure because the stress in the thickness direction ( t ) is considered negligible compared to the hoop ( ) and longitudinal stresses ( ). Hoop strain ( ) and thickness strain ( t ) can be expressed as:
From the volume constancy, the strain in the longitudinal direction ( z ) can be expressed as:
As (Bortot, 2008 ) , the equivalent strain can be calculated as:
The strain rate is the derivative for the equivalent strain. The differential equations of equilibrium at the highest point can be got. and can be calculated as:
P r t r t r r t r r t t r t . (6)
Because t can be ignored, the equivalent stress can be given as: 2 2 .
Obviously, the equivalent strain and the equivalent stress during bulge test are relevant to the current thickness, the radii of curvatures along longitudinal and hoop directions and the internal pressure. The data of internal pressure (P) can be obtained by the pressure sensor and the radii of curvaturesalong hoop direction (r ) can be given as:
Therefore, in order to get the stress-strain curve, current outer radius of the tube along longitudinal direction (r ) and current thickness (t) should be calculated firstly.
Evaluation of the outer contour of bulging zone and the current tube thickness
Real-time r can be measured by a 3-D coordinate measuring apparatus during the tube bulge test at room temperature. However, it is difficult to measure it at elevated temperature. Suitable geometrical model of outer contour can be used to solve this problem. The usually theoretical models are sphere, ellipse and parabola. In this test, the bulging tubes with different bulging heights were obtained. The experimental metrical datais shown in Fig.  3(a) , compared with geometrical models. Obviously, the parabola model is better than the others, especially for higher bulge height. The parabolic model can be expressed as:
Where, 2L is the length of bulged zone. According to the expression of the radii of curvature, the current outer radius of the tube along longitudinal direction at the top position (r ) can be expressed as: Analyzing from the above, all of the unknown parameter can be solved except t. In order to simplify the analysis, Sokolowski (2000) and Pavlina (2008) ignored the axial strain and calculated the current thickness following constant of volume, as shown in Fig. 3 (b) . However, the error compared with the measurement increases with the increase of the bulging height. Lin (2011) proposed the linear model between current thickness and bulging height, which was summarized from a large amount of experimental data. In this paper, the linear model is adopted to describe the current thickness. It is noteworthy that the linear model fails after tube local necking. Therefore, the analytical model is suitable to analyze the stress-strain in stable deformation. The strain, stress and strain rate can be calculated by substituting t, P, r and r in the model, as shown in Fig.4 . 
Stress-strain curve
The stress and formability are impacted on the strain rate when titanium alloys are deformed under high temperature. Fields-Backofen model was used to describe the constitutive relationship of Titanium alloy at elevated temperature usually, which is mathematically represented by:
where K is the strength coefficient, n is the strain hardening exponent, m is the strain rate sensitivity exponent. The stress and formability are impacted on the strain rate when titanium alloys are deformed under high temperature. The m value is always measured by changing the strain rate suddenly during uniaxial tensile test (Backofen method), which is realized by adjusting the stretching speed. However, it is unreliable to use the m value measured by uniaxial tensile test to describe the deformation behavior under complex stress state during HPPF. As for free bulging of tube, the stress state is complicated and the strain rate of the highest point is increased spontaneously. The m value of HPPF can be obtained by calculation of the model. The stress-strain curves of tube materials are various under different pressure-loading paths, particularly with complicated stress state. The comparison between fitting stress-strain curve and experimental stress-strain curve is shown in Fig. 5 .
For internal pressure forming, the fact that material data obtained from bulging tests is more proper for FE simulation than the classical tensile test has been demonstrated (Hwang, 2002) . Similarly, pneumatic bulging tests may be more suitable for evaluating formability in HPPF. As a possible new testing method is provided, pneumatic bulging test can describe the strain-stress curve with complicated strain state at elevated temperature.
Conclusions
At 800°C, tube bulging test was investigated with different internal high pressure. And a new formability test model at elevated temperature was proposed to measure the formability of the whole tube in HPPF, with complex state of stress-strain. The following main conclusions are drawn from this work:
(1) The expansion ratios of Ti-alloy tube are 56.1%, 43.3% and 34.2% under constant internal pressure of 7.5, 12 and 14 MPa, respectively. And the lower bulging pressure, the better formability of tube. (2) The stress-strain curve of Ti-alloy was calculated through parabolic model and linear model. For HPPF, linear model is suitable for analyzing the stress-strain relationship in stable deformation phase. But if local necking occurs, the line model is not applicable. Therefore, the bulging test method should be limited to measure the formability before localized necking. (3) Applying the results of bulging test, the stress-strain curves can be fitted by Fields-Backofen constitutive model. The m value can be calculated through the relation between the stress and the uncontrolled increasing strain rate during bulging tests. Therefore tube bulging test may be a new testing method because of a better approximation of the stress state encountered during a real HPPF process.
